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ABSTRACT
A study program was initiated to show the feasibility of the annular
geometry design (as opposed to capillary needle geometry) for the
future development of a colloid thruster system composed of a simpli-
fied array of emitters. In addition to demonstrating this feasibility,
the annulus has shown reproducible operation over a wide range of per-
formance levels at high efficiencies with no glow discharge and very
low extractor currents. This was attained by means of a coupled
experimen al/analytical investigation and carefully designed experi-
ments on temperature, mass flow, beam configuration and glow dischar.-
effects. The analytical study resulted in a set of equations that
describe the interrelation of the operational parameters, thrust,
specific impulse, specific charge and current and their variations
with control variables, voltage and mass flowrate. A region of
operation where the current and thrust were linear with mass flow-
rate was uncovered. Operation of a thruster system in this region
with the developed mass flow meter and controller permits a simple
feedback control system and determinations of thrust and specific
impulse without the time-of-flight analysis previously required.
Instrumentation developed and the test results investigated are
reported. Advanced thruster design is discussed for operation at
1 mlb with 19 emitters.
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FOREWORD
The work described in this interim report is the result of the first
year of a program at Electro-Optical Systems (EOS) under Contract
No. NAS5•21025 with NASA, Goddard Space Flight Center (GSFC). The
technical monitor is Dr. Allan Sherman who made important contribu-
tions in the program direction and in specific technical areas with
assistance from William Burton, also from GSFC, At EOS, Dr. Julius
Pere1 (Project Manager), and Messrs, John F. Mahoney and Arthur Y.
Yahiku performed the technical work and prepared this interim report
with assistance and consultation from Mr, Howard L. Daley. Important
new equipment was supplied by EOS and work on a mass flow system was
aided by Gerald E. Trump and Gale Gant. Preparation of laboratory
apparatus and fabrication of annular emitters were accomplished by
Arthur Kasa and J. Robert Otto.
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SECTION 1	 4
INTRODUCTION
Colloid thrusters show the potential of operating very efficiently at
thrust levels of a mlb or less and at specific impulse levels between
500 and 1500 seconds. The high efficiency occurs because the charged
particle generating and acceleratin rocesses are actuated b the same
electric fiel
Hence, for n
colloid propu
Initial inves
obtain the h i
beams.	 Thrus
emitters at
This emitter
per emitter_
4•
the mlb leve l
emitter limit
a particularly
problems ari s
geometry.	 Th
-' high thermal
charge parti
ature at the
To minimize
f tigated with
ters, which
-i with linear s
Goddard (Ref.
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d with very little power required for particle generation.
ear earth applications within this specific impulse range,
lsion would indeed be competitive.
tigations were made using capillary needle geometries to
gh electric fields required to produce charged particle
ter levels of a few plb can be produced by single needle
the high end of the specific impulse range of interest.
geometry has several limitations such as the low thrust
and the poor temperature control. When total thrust at
 is required for a thruster system, the low thrust per
ation presents fabrication and reliability problems
for operation at high specific impulse. Temperature
e because of a low thermal conductivity for the needle
ese problems affect mass flow control because of the
variation of the propellant (glycerol) viscosity. The
cle generation process is also dependent upon the temper-
emitter tip.
these problems linear slit geometry emitters were inves-
some success (Refs. 1, 2 and 3). Annular geometry emit-
avoid the fabrication and operational problem associated
lits
., were developed and successfully tested at NASA
4). This was followed by the EOS development of a large
1
C ^.
rannulus with a different structural design (Ref. 5). A design similar
to the Goddard design was developed at TRW and referred to as an
"annular needle" (Ref. 3). All of the initial tests showed the design
to Li feasible and more than competitive with the capillary needle
geometry. The investigations described in this report show that
annulus performance, range of operation, simplicity of fabrication,
and other features exceed those of capillary needles except that
higher voltage is required. In addition, the wider range of opera-
tion and stability resulted in performance features of the annulus
which aided the development of a fruitful analytical im,Cstigation.
The primary goal of this program was to demonstrate the applicability
of annulus geometry as a colloid thruster system. Emphasis was placed
upon ease of fabrication and operation in comparison with a capillary
needle array for the same performance conditions. In addition, glow
discharge phenomenon and high extractor current investigations were
considered important because of their effects upon operation and
because they introduce an uncertainty in performance data. Emitter
edge erosion was monitored by periodic microphotography for corre-
lation with degradation of performance (if any).
Several highlights were achieved on the program to date which advanced
the state of the art in both experimental techniques and emitter per-
formance. The techniques developed include a new data reduction system
for time-of-flight analysis and a mass flow control and metering system.
Emitters were operated over a range of voltages and mass flowrates
which resulted in a wide range of thruster operating levels. Specific
iiripulses of > 1000 seconds were achieved glow discharges were elimi-
nated as a result of electrode and temperature studies, and temperature
effects were investigated which indicate a direction of investigation
which may increase specific impulse. A single annulus was operated at
13 kV producing a thrust of 174 4 1b at 550 seconds which showed stable
reproducible operation. Under less stable conditions a single annulus
I
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was operated at 15 kV and produced 200 µlb at 900 seconds. Fiaally,
from a series of coordinated experimental and analytical investigations,
a set of analytical functions were derived which interrelates various
thruster performance parameters and can be used to predict variations
of parameters and provide a consistent basis for extrapolation of
results. These studies have led to a greater understanding of the
operation of both annular and needle geometry emitters so that tradeoffs
between various operating modes can be predicted.
The work on the remainder of this program will be aimed toward increas-
ing the specific impulse while maintaining high thrust per emitter
levels. An annular array will be developed and tested for controlla-
bility, reliability and durability.
This interim report describes the techniques used, the results obtained
and the understanding gained during the first year of the program. The
following section discusses the technical approach along with the experi-
mental techniques and hardware that was used. Section 3 discusses the
propellant investigations and flow control tests„ The analytical studies
supported by experimental data, are discussed in Section 4. The emitter
runs are tabulated and the results, organized parametrically using the
analytical equations, are described in Section 5. Only those data pro-
viding insight, understanding, and particular features of interest are
shown of the vast amount of data that led up to this level. Section 5
also presents a state-of-the-art thruster design and is followed by a
report summary given ini Section 6.
i
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SECTION 2
8
PROGRAM APPROACH AND TECHNIQUES
2.1 TECHNICAL APPROACH
The approach and techniques used in the development of colloid annular
thrusters do not differ appreciably from those previously employed in
capill-ary needle investigations.
	
Nevertheless, some aspects of the
present program are significantly different and include the successful
use of analytical techniques to complement the experimental effort and
thereby enhance the overall results. This enhancement was accomplished
using advanced data takings and data display techniques to uncover the
emitter parametric variations with performance level. Experimental and
data taking techniques are described in this section with the analytical
studies described in Section 4.
2.1.1 BACKGROUND COL11? DERATIONS
Interest in the colloid thruster has occurred because of its relatively
simple operation and high efficiency in the specific impulse rangeof
500 to 1500 seconds. Generation and acceleration of the charged par-
ticles is accomplished by applying an intense electric field (typically
> 10 6 V/cm) to the surface of a conducting propellant fluid. The in
tense field is obtained using high curvature geometry with nominally
high voltages _(5 to 15 W). The acceleration of these particles pro-
vides the thrust for colloid thrusters
Laboratory operation consists of providing a controlled mass flowrate i
(m) to an emitter tip that is maintained at high voltage (V) . to produce
a current (I) of charged particles. The most essential measurements
include the voltage, the beam current, and time-of-flight (TOF) data
k
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to examine the distribution of the beam particles. From an analysis of 	 !i
TOF data, the mean charge-to-mass ratio (or mean specific charge, (q/zn))
can be obtained along with the beam efficiency ('). The term ^ is a
measure of the efficiency of the beam to produce thrust as compared
with that produced by a beam composed of a single specific charge at
the same mass flowrate and voltage (Refs. 5 and 6). The most widely
used propellant, glycerol doped with NaI to make it sufficiently con-
ductive, is contained in a pressurized reservoir with the feedrate
generally controlled by varying the pressure. Until recently, emitters
were generally made of capillary needles with I.U. of 0.002 inch to
0.008 inch. The complexity of fabricating a large array of needles
when thrusts > 100 µlb are desired led to the development of linear
slits and then to annular slits. The experimental investigations on
this program concentrated on annular slit emitters.
2.1.2 THRUSTER EQUATIONS
The two vital parameters required to determine the performance level
of a thruster system on a mission are the thrust (T) and specific im-
pulse (I sp ). These plus the beam current, mean specific charge, and
power efficiency constitute thruster "operational parameters". The
performance level can be changed by means of the "control variables"
which are the accelerating voltage and mass flowrate. The control
variables also include emitter temperature, emitter geometry, and pro-
pellant properties whi.ch
 are controllable, but cannot readily be
varied during emitter test. These parameters are summarized as follows;
a. Control Variables	 V, m, Emitter, Temperature,
Geometry, `Propellant _Properties
b. Operational Parameters 	 I, <q/m ), Is p ) T,
T V -V V - 1 1L L_ C1 I LLL
,,.	 ... ..	 mr	 .yam a	 ,rx
F_
r
Thrust is given by
T	 =	 m ( v ) (1)
where ( v ) is the mean particle velocity in the beam assuming the beam
to be parallel (nondivergent).	 If the mass utilization efficiency is
100 percent the specific impulse is ^!
I	 =	
C v	 ) (2)	
}
sP	 g
E
where g is the acceleration due to gravity on earth. From the kinetic'
energy relationship, the mean specific charge ( (q/m) (c)	 )	 is t
C v2	>
C q /m	 )	 _ (3)
. 2V
I^
;f
2
where (v
	 )	 is the mean square velocity.	 The current is given by
1 I	 _	 ( q /m ) m (4) s
The specific charge efficiency which is a measure of thrust degradation
due to the specific charge distribution is given by
1/2	 )2	 2C C	 C v	 )_	 _
C	 -	
2 (5)
Cv	 ) t
1/2	 2
where	 is the square mean root specific chapCC	 )	 q	 P	 ge.	 The relation-
ship between these_ parameters can be summarized by the following ex-
' pressions which shows their interrelation:
r--
T	 _	 m g ISp
(6
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7V = T 2  2z 1,	 (7)
where Tn V is the beam power. A nomograph of thrust versus specific
impulse is shown in Figure 1 for constant values of m and 'HIV. In the
above equations it is assumed that energy losses other than those due
to the specific charge distribution are negligible. In general, T
versus I sp curves for a thruster will not follow constant m or T1 V
lines because of the complexity of the relationship with other factors
such as temperature, geometry, and propellant properties. This com-
plexity dictated that parametric analysis of the data would be the most
profitable way to investigate colloid thrusters. The main emphasis was
u	 placed on the variation of T, I, and Ias a function of m, V, and
s
p
temperature for a given thruster and propellant combinations.
2.2 EXPERIMENTAL TECHNIQUE+
i
The experimental investigations were aimed at understanding the way
control variables V, m, temperature, geometry, and propellant properties
affect the operational parameters I, ( q /m.) I sp , T, and	 Time-of
rt	 flight (TOF) analysis of the charged particles as a function.of the
control variables was the primary method used to obtain these relation-
ships. TOF analysis is a means of determining the velocity distribu-
tion of the particles from which the operational parameters may
be calculated. This subsection details the experimental arrangement,
instrumentation, and data reduction techniques used in this program.
2.2.1 EXPERIMENTAL ARRANGEMENT
The experimental apparatus for examining emitter operation includes a
2-foot diameter by 3-foot long vacuum system, - high voltage power sup-
plies, high voltage switch, current and voltage meters, current
4040-Interim
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Figure 1. Specific Impulse versus Thrust
collectors, the analog to digital data acquisition system (DAS), and
an oscilloscope. A schematic diagram of aRtypical arrangement is
shown in Figure 2. The propellant is fed to the emitter from a pres-
surized reservoir that is located outside the vacuum chamber. Charged
particles are generated and accelerated by applying a high positive
voltage (10 kV to 18 kV) to the emitter with the extractor electrodes
at negative potentials.
	 The emitter potential is measured directly
with an electrostatic voltmeter. The current to two TOF collectors
that are 50 cm from the emitter is monitored in parallel by an oscil-
loscope and the DAS. TOF data is obtained by shorting the high voltage
to ground using a switching circuit which provides a sync signal for
both the oscilloscope and the DAS. The sync signal initiates the TOF
trace on the oscilloscope which can be recorded using a scope camera.
At the same time the DAS converts the analog current signal to digital
points that are subsequently stored on paper tape. The data from the
tape is fed into a Sigma 7 computer which is used to calculate both
the operational parameters and mass flowrate. 	 The computer can also
provide plots of the operational parameters as a function of m for
different values of V.
2.2.2 APPARATUS AND INSTRUMENTATION
2.2.2.1 Vacuum System
The vacuum system used for most of these tests is a 2-foot diameter
by 3-foot long vacuum chamber containing a liquid
and both a 10-inch and 6-inch diffusion pump with
cooled baffles (see Figure 3). This system has a
pumping speed to provide pressures in the 10 6 to
thruster operation. A smaller 1-foot diameter by
is used for some auxiliary tests.
nitrogen cooled liner
liquid nitrogen
sufficiently high
10 -5
 torr range during
3-foot long chamber
s
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2.2.2.2 Current Collectors
The beam collector system consists of a set of segmented cylindrical
collectors (Figure 4) and a set of two concentric TOF collectors
(Figure 5). A schematic arrangement of the collectors was shown in
Figure 2. The TOF collectors have one grid to suppress secondary
electrons and a second grid to act as an electrostatic shield. The
center section subtends a half angle of lo o
 and the outer section sub-
tends from lo o to 300 . This corresponds to solid angles of 0.095 and
	 I
5
0.675 steradian,respectively. Separate, coaxially shielded leads for
the two sections are brought out of the vacuum chamber so that TOF data
to the collectors can be measured separately or simultaneously.
2.2.2.3 TOF Data Acquisition System
An analog to digital data acquisition system (DAS) was designed using
IC digital logic modules (Xerox Data Systems' T Series) to obtain TOF
data automatically. These da a are stored on an 8-level paper tape in
binary form and analyzed using a Sigma 7 computer. The DAS consists of
an 8-bit analog to digital converter, buffer memory, pulse generator,
timing and control logic, address accumulator, digital to analog con-
	 #'
verter, and paper tape punch. The DAS has three modes of operation;	 I
digitize, punch, and display.
s
a.	 Digitize Mode
In the digitize mode, shown in Figure 6, the TOF data are
digitized at a rate determined by the pulse generator setting.
M
	
	 The data are then stored in a 32 -word (8 bits per word),
buffer memory. The pulse generator is in an externally gated
mode so that digitize command _pulses are produced only when
both the external gate and memory-ready signals are true.
The memory-ready signal is made true by resetting the memory
address. It will remain true until the memory is full. The
memory is arranged so that after the last memory location,
it is advanced to the first location. As new^data are read
in, the previous data are destroyed. Therefore, the memory-
ready signal prevents the .memory from making more thaiVone
cycle and thereby destroying the initial data points.
6Figure 4. Segmented Cylindrical Collector
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,
The external gate signal is generated by the oscilloscope
time base gate which is true whenever the time base is making
a sweep. Figure 7 shows how the thyratron switch, which
initiates the TOF data, and the data acquisition system are
synchronized. A sync pulse triggers the oscilloscope, causing
the time base gate to be true for the duration of the oscil-
loscope sweep and initiating the digitizing process. After
a given delay, which is adjustable, a delayed pulse triggers
the thyratron which shorts the high voltage-to-ground to
start the TOF data. The result is that during the delay time,
the initial current level is digitized after which the TOP
Q
data are digitized.	 After each data point is digitized, it
is stored in the buffer memory in coincidence with the write-
enable and storage-clock signals.
	 The memory is then advanced
to the next location until all the memory locations are filled.
b.	 Punch Mode
In the punch mode, shown in Figure 8, the contents of the
memory are punched onto paper tape in sequential order, 	 start-
ing with the first location.
	 The pulse generator is in an
' external trigger and gated mode.
	
A 5 Hz pulse generator pro-
vides the triggering signal and the address accumulator pro-
? vides the gate signal.
	 The gate signal is made true by re-
setting the address.
	
The memory clock is slaved to the 5 Hz
triggering signal and advances the address to the next loca-
tion.	 After a 10-millisecond delay, a delayed pulse is pro-
duced which activates the teletype and causes it to punch the
contents of that memory location onto paper tape. 	 This con-
tinues until the entire memory is read out onto paper tape.
C.	 Display Mode
In the display mode, shown in Figure 9, 	 the memory is con-
tinuously cycled at a rate determined by the pulse generator.
An oscilloscope tri gger is produced whenever the first memory
address is generated.	 This synchronizes the oscilloscope
sweep with the memory cycle. The six most significant bits
of the memory content are converted to an analog signal and
fed to the input of the oscilloscope to display the TOF trace.
I
i
i
2.2.2.4 Thyratron Switch Circuit
In conjunction with the DAS, an electronic method of triggering the
emitter high voltage-to-ground potential was developed. The initial
circuit had a hydrogen-filled thyratron connected between the high`
'	 voltage and ground. A pulse forming network which used a silicon con-
trolled rectifier (SCR) as a trigger was connected to the grid of the
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thyratron. A control pulse applied to the gate of the SCR allowed a	
14
positive voltage pulse to appear on the grid; this rendered the tube 	 t
conductive and effectively reduced the anode (emitter) potential to
ground. The current from the power supply was determined by the voltage
i	 and the value of the resistance R, since the impedance of the tube is
small when conductive. The amount of current flowing through the tube
had to be above a critical value to maintain the anode near ground po-
tential. For too low a current, the anode potential repeatedly rose
to above +500V and then dropped to ground again, with a mean time
interval between voltage swings of about 10 µsec. This train of volt-
age pulses produced a corresponding train of pulses on TOF traces.
Above the critical current the TOF traces appeared clean.
ji	 The general features described above are shown in Figure 10. This
figure also reflects a modification mode to the high voltage power
supply which turns the high voltage supply off when the thyratron fires.
This is accomplished by using the built-in overcurrent protection relay
in the supply to automatically turn the high voltage off for about 1/4
a	 second, to render the thyratron nonconductive, then turn the high volt-
age back on again.
2.2.2.5 Propellant Flowmeter and Controlle r
This subsection describes the effort on an EOS-funded program to
develop a breadboard propellant flowmeter, flow controller, and-high-
voltage electronics package for colloid sources. The effort to date has
been directed toward developing a device which would meter and control
the propellant (glycerol) flowrate over a range from 10 to 100 Pg /sec.
The device consists of a flowmeter, flow controller, and electronic
package. The electronic package contains the high-voltage power supply
as well as the'electronics for the meter and controller.
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A schematic diagram of the flowmeter and controller is shown in
Figure 11. The flowmeter consists of a small-bore stainless steel
capillary tube which is heated in the center. The temperature differ-
ence (T2 -T 1 ) between points symmetrically located on either side of
the heated area is an indicator of propellant flowrate and is cali-
brated as such. Sensistors are used as the temperature-sensing devices
in the flowmeter to detect propellant flow. They are available as
very small cubes, and have a reproducible and stable temperature co-
efficient of about 0.7 percent/oC.
The two sensistors are connected in a bridge configuration with a
potentiometer used to balance the sensistor voltages before any flow
occurs. The output of the bridge is connected to an operational ampli-
fier in a differential configuration. This amplifier has a controlled
gain of 100, and an output that is a measure of propellant flow. This
output is compared to a manually selected reference voltage in a second
operational amplifier. The output of this amplifier is a measure of
the difference between the measured flowrate and a reference signal,
and is used as the error signal in a closed-loop flow control system.
The flow controller consists of a second small-bore capillary tube that
is electrically heated to warm the propellant and lower its viscosity.
This increases the flowrate because the controller is designed to be
the limiting flow impedance in the propellant feed line. The tempera-
ture dependence of the viscosity of the propellant base (glycerol) is
such that a 300C temperature change produces an order of magnitude
change in flowrate. Temperature effects on propellant viscosity is
8
discussed in detail in Subsection 3.2.J.
Using a glass capillary tube for absolute flowrate determination,
the flow controller was shown to control glycerol flow over the design
	 x`
range of 10 to 100 µg /second. Closed-loop tests were conducted, and
it was shown that the feedback loop was stable and controlled flowrate
to a constant level._
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2.2.2.6 Photomicrographic Equipment
A complete Reichart photomicrographic system (Figure 12) and darkroom
facilities were used to take photographs of the emitter edges. Magni-
fications from 50 to 350OX are available with this equipment. This
equipment was used to examine emitter edges before and after operation
as part of a standard testing procedure.
2.2.3 DATA REDUCTION
Data reduction involves the computation of m and the operational
parameters from the TOF data. TOF data is a function of i versus t
where i is the current to the TOF collectors and t is time (initiated
when the emitter voltage is shorted to ground). The current starts at
some initial value i o and goes to zero in a manner determined by the
velocity distribution of the charged particles. Examples of TOF traces
are shown in Figure 13 a through e. The shape of the TOF traces deter-
mines the thrust efficiency. Figure 13a is an example showing a very
high efficiency and Figure 13b is an example showing low efficiency.
Figure 13c shows the TOF traces obtained by monitoring the inner and
outer TOF collectors separately and in parallel. This type of data can
be used to obtain a rough spatial distribution. Thrust is directly
proportional to the area under the TOF trace. Figure 13d is an example
u
i
showing a relatively large thrust. Specific impulse is inversely pro-
portional to the time centroid. Figure 13e is an example of a relatively
high specific impulse.
The following relationships were used to compute m end the operational
parameters (where L is the distance between the emitter and TOF col-
lector, V is the emitter voltage, I is the emitter current, A is the
area under the TOF trace, t is the time-centroid of the TOF trace,	 k.
c
g is the acceleration due to gravity,- and E is the collection efficiency,
n /I)i0
4040-Interim 24
16936
M.
N)
In
0
-
F-I
O
M
rt
9
Figure 12. Photomicrographic Equipment
-- -A
v	 = 14.0 kV
I	 = 21.0 µA
i	 =
0	
18.75 4A
1^	 = 55.7%
I=sp	 305 sec
T	 = 24.5 µlb
(b)
3 18.75
J
J
L4
4
0
P- 1i
(a)
0	 100
Time (µsec )
V	 = 14.0 kV
I	 = 56.0 4A
i o	 = 29 ..j 4A
T	 =	 92 ..17,
I	 = 665 sec
s 
T	 = 50 µlb
29.3
3J
J
L4
4
0
V	 = 9.0 kV
^— I	 = 80.0 µA
Total	
-
i	 ( total)	 = 49.0 wA
^ ° (outer)
	 = 38.2 ALA
Outer	 1 (inner)	 = 10.3 µA
(total)	 = 76.7%
4 (outer) 77.4%
GN	 MEMO	 (inner) - 84.2%
I sp	 (total)	 = 367	 sec
(outer)	 = 385	 sec
Inner (inner)
	 = 335	 sec
M
`
r-1
0 o  T	 (total)	 = 69 µlb
100	 200	 3uU	 400
Figure 13.	 Examplf:9 of TOF Traces (sheet 1 of 2)
Time (µsec)
,y
4040-Interim 26
VI
i 0
(d)
Isp
T
13.0 kV
242.2 µA
165. 0 µA
66.6%
554 sec
174 µ1b
1	 0
a
165
J
G
v
4
100
Time (µsec)
3
13
V	 = 14.9 kV
I	 = 87. 0 µA
i 0 	 = 13.0 µA
Ti	= 74.3%
I	 = 1196 sec
sp
T	 = 16 µlb
MOMMEN ce>
0
006174
'	 50
Time (µ sec )
Figure 13. Examples of TOF Traces (sheet 2 of 2)
I
4C40- Interim
(8)
(9)
(10)
(11)
(12)
(13)
(14)
4
r
t	 '^
A = f i dt
tc = A -1 1 t i dt
T = 2 V A
e L
I	
=	
L
sp	 2 t  g
4 V A tc
	m =	 2
s L
i L2
(Q gym) =
	 o4 V A t c
A2 i t
o c
A computer program was used to perform these computations. The sub-
routine which calculates the TOF trace area and time centroid uses 	 f
Simpson's rule or Newton's rule (Ref. 7) or both together. The reduced data
is printed out in tabular form and operational parameters are plotted
as a function of m for each value of V.
2.3 THRUSTER DESIGN t
2.3.1 EMITTER CONFIGURATIONS
The annulus geometry has evolved through various stages of development.
The critical aspects of geometry which strongly determine the mechanics
of particle generation and acceleration are the emitter edge dimensions
and gap _spacings. The effects of surface condition on particle genera-
tion are not well understood at present. Of lesser importance
28	
J
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Early annulus emitters had gap spacings between 0.001 and 0.002 inch.
Recent testing has demonstrated that restricted flow obtained by metal-,`
to-metal fits at the edge (or gap spacings less than 0.0005 inch) have
resulted in good performance and control. Improved performance under
restricted flow conditions (annulus A06) has led to the design and
testing of other emitters having the restriction located at the edge.
-'i
i
{
dimensionally are the propellant feed channels built into the annulus
body. However, it is desirable to provide an annular plenum (of large
dimensions compared to gap spacings) within the annulus so that surface
tension forces are more favorable to ensure an even supply of propellant
over the entire
 tip circumference.
The importance of restricting propellant massflow to achieve higher
specific impulse became evident in early annulus investigations. Mass
flow instability at the annulus resulted from heating of the emitter
and made control of mass flowrate difficult. As a consequence of this
instability, efforts were initiated to.provide restrictive elements
located away from the emitter edge. The efforts included in-line
filters and capillary tubing restrictive elements placed between the
feed system and annulus.
Further attempts to control annulus flow impedance resulted in an
annulus design incorporating a restrictive shelf containing flow grooves
which were built into the main body of the annulus. This further in-
crease in impedance led to the discovery of the emission limited region
of operation at low mass flowrates. The basic annulus structure before
assembly (note the shelf containing the flow grooves) is shown in
Figures 14 and 15.
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Figure 15. Inner and Outer Annulus Sleeving (Annulus A08)
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sThe present approach to annulus design incorporates some of the features
discussed above with slight variations. The gap spacing for annulus
A06 was kept below 0.0005 inch and the gap length extended back approxi-
mately 0.050 inch. A photomicrograph of annulus A06 is shown in
Figure 16. More recent annuli (A09 for example) have similar gap
spacings extending back 0.100 inch. For annulus A06, the emitter
edges were 0.002 inch to provide a flatter surface in contrast to the
knife edges used previously. It was anticipated that this change would
provide a more uniform and directional field across the emitter surface
thereby enhancing the collection efficiency and specific charge effi-
ciency. Subsequent testing of A06 supported the reasoning behind this
design change. The disadvantage of broader emitter edges is the reduc-
tion of the electric field strength at the edges for a given voltage.
Higher specific impulses can be obtained at comparable voltages by
keeping the edge dimensions small as possible.
Figure 17 shows both a side and front view of the GSFC annular emitter..
The emitter material is Carpenter No. 20 Cb3 stainless steel, with
vapor deposited platinum inner and outer edges. The annular gap is
0.002 inch, and the inner and outer edges are nominally 0.0002 inch
radii. The thruster assembly (which has no inner extractor) employs
an outer extractor (not shown in Figure 17) with a gap of 0.23 inch
between the annulus outer tip and inner surface of the extractor.
While testing at GSFC, this extractor was positioned in the same plane
as the thruster outer edge and was operated at -2 kV.
2.3.2 EMITTER MATERIAL AND FABRICATION
Annulus emitters constructed from stainless steel materials have pre
sented no fabrication problems. They are formed entirely using standard
machining techniques on a lathe with a microscope attachment to measure
dimensions accurately. Techniques for fabricating emitters from thori
ated tungsten and platinum/iridium-materials have;equired more
development.
I
4040-Interim	 32
00
6
Figure 16. Photomicrograph of Annulus A06 (X 50 Magnif=ication)
After Testing (Run 7002-01, -02)
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Figure 17. GSFC Annular Emitter
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With thoriated tungsten, the main difficulty encountered was flaking
and cracking of the material as attempts were made to produce edges
	
b
less than 0.005 inch. Lapping operations, using a special lapping
compound consisting of small diamond particles suspended in glycerin
f
r
base, were successful in reducing the knife edge from 0.005 inch down 	 t
i
to 0.003 inch. Although no attempts were made to reduce the-edge to
t
smaller dimensions, this technique appears promising for further re=
duction. A photomicrograph of the edge of a completed annulus con-
structed in this manner is shown in Figure 18.
7	
z
Past work with needle emitters demonstrated the resistance to corrosion 	 s
r
of Pt/Ir materials. Methods for fabricating annuli from platinum based
materials were investigated and plating annulus emitter edges with
platinum was considered. However, this approach was not pursued in	 .
view of the difficulties in maintaining the thin coating under the
conditions of high voltage spraying. A successful technique was de-
veloped by constructing annuli with platinum/iridium edges of substan-
tial thickness. This approach involved the brazing of a platinum (90
percent)/iridium (10 percent) washer0.020 inch thick, to a stainless
steel cylinder using a NIORO (Ni-Au) braze material. The washer was
brazed under pressure supplied by a threaded plug insert. The brazed
unit was then made into an outer annulus sleeving, using machining 	 ^<
techniques identical to those used for conventional stainless steel
annuli. The edge of the outer sleeving was machined to a 0.002-inch
edge while maintaining the integrity of the braze joint. Figure 19a
shows the position of the brazed Pt/Ir washer on the stainless steel
cylinder. The dotted line indicates the cut to produce the finished,
outer sleeving. Figure 19b shows the dimensions of the Pt/Ir at the
emitter edge. A photomicrograph shows the details of the emitter edge
(Figure 20). Note the differences in the conditions of the-surfaces
between the platinum/iridium (outer) and 20Cb3 stainless steel (inner)
materials. If a smooth surface is preferred for spraying, the superi-
ority of the Pt/Ir material over stainless, steel or tungsten is apparent
from the photomicrographs.
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Figure 18. Photomicrograph Showing Details of Thoriated
(2%) Tungsten Annulus (A07) Emitter Edge at
50X Magnification I
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Figure 20. Photomicrograph Showing Details of Platinum
(907.) Iridium (1(T) and 20 CB3 S.S. Annulus
(A08) Emitter Edges at X50 Magnification
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A test was conducted with an annulus made with the Pt/Ir tipped outer
sleeving and a 20Cb3 stainless steel inner sleeving for erosion compari-
son. Photomicrographs of the emitter surfaces at X50 magnification were
taken after 50 hours of continuous operation and one is shown in Figure
21. Although it would have been desirable to operate the annulus longer,
the photomicrographs clearly indicate that erosion has begun at the
20Cb3 stainless steel surface. The Pt/Ir surface appears affected by
the spraying process, but to a lesser extent than the stainless steel.
A longer duration run would be required to firmly establish the superior
resistance of the Pt/Ir against erosion. However, the preliminary evi-
dence strongly favors Pt/Ir as a future choice for annulus edges.
2.3.3 THRUSTER CONFIGURATION
Figure 22 shows an assembled thruster assembly used in recent tests.
The outer plate seen in the figure is the guard shield typically oper-
ated between •-500 to -1000 volts to prevent backstreaming electrons
from reaching the annulus,. Previously, the outer extractor fulfilled
this function, however, it is not as effective since it must be oper-
ated at high negative potentialto be an effective barrier against
J
electrons penetration.
	
With the guard electrode added, 	 the outer ex-
tractor bias can be made variable for use as a focusing or deflecting
(segmented) electrode.	 Note the small spherical inner extractor in
the center of the annulus in the fi gure.	 This particular inner ex-
tractor has a 0.200 inch diameter.	 In more recent tests 0.250 and
0.300 inch diameterinner extractors have been used.
Early tests performed on this program involving inner extractor
geometries were aimed at eliminating inner extractor currents.	 More
recent tests have added much to the understanding of inner. extractor
current origin (see Section 5). 	 As a'result, it has been determined
f
that inner extractor currents do not depend critically on the geometrical
configuration of extractors.	 The various kinds of inner extractor
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Figure 21. Photomicrograph (X50 Magnification) of Pt/Ir and
20CB3 Stainless Steel Emitter (A08) after 50 Hours
of Continuous Operation (Run 7003-01)
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Figure 22. Annulus Colloid Thruster
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Ygeometries tested include flat discs, circular rings with conical
bases, and spherical structures. 	 Examples of the first two can be
seen in Figure 23.	 The inclusion of an inner extractor in a thruster
t
assembly has a pronounced effect on performance and beam focusing as
evident from tests without an inner extractor.
	
The geometry of the }
inner extractor in this instance may be important in determining the f
degree of focusing achievable as a function of inner extractor voltage. }
2.3.3.1	 Annulus Emitter Dimensions
i
Table 1, listing the geometrical and flow properties of the annuli
i` tested, is included for reference purposes. 	 The notations used are
defined as follows:	 h is the annulus gap, 	 2 the length of the gap, w
2s the length of the restrictive shelf, and N is the number of grooves
in the shelf followed by groove width and depth dimensions.
	
All di- rE
mensions are given in inches.
	
The relative permeability is defined by
Relative permeability	 =	 PA/PN
where PA is inversely proportional to the time for a given volumeof
gas to flow through a standard needle (0.004 inch i.d. and l cm long).
PN is the permeability of an annulus for an equal flow (volume) of gas.
a
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Figure 23. Inner and Outer Extractor Geometries
Emitter
Identification
Emitter
Material
Critical
Dimensions
Relative
Permeability
A01 304 S.S. h = 0.001 1.75
P	 = 0.120
N=50
0.001 x 0.001
A02 20Cb3 S.S. h = 0.001 4.2
2 = 0.030
= 0.120
Ns= 8
0.006 x 0.00
A03 20Cb3 S.S. h = 0.001 26
A = 0.050
no shelf
A04 20Cb3
	 S.S. h = 0.001 289
Q. - 0.100
no shelf
A05 20Cb3 S.S. h = 0.001 10.8
+ A, = 0.120
= 0.120
Ns= 50
0.001 x 0.001
A06 20Cb3 S.S. h = metal-to-metal 10
fit
I = 0.020
A07 2 percent h = 0..003 6
thoriated P = 0.100
tungsten (with stuffing
foil)
A0'8 Pt/Ir h = 0.001 0.3
20Cb3 S.S. = 0.120
ps = 0.120
N'= 30
0.001 x 0.001
A09 20Cb3 S.S. h = metal-to-metal 13
fit (, 0.0005 inch)
A = 0.050
no shelf
GSFC Platinum h = 0.002	 -
plating on is _ not 'applicable
20Cb3 S.S. N = not applicable
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TABLE 1 n
GEOMETRICAL AND FLOW PROPERTIES OF THE ANNULI TESTED
j`
rSECTION 3
PROPELLANT AND FLOW CONTROL TESTS
This section includes data on propellant properties and a discussion
of the mass flow meter and controller test with an operating emitter.
3.1 PROPELLANT PROPERTIES
The usual propellant was a solution of NaI dissolved in glycerol. The
significant properties of a colloid propellant are the viscosity and
conductivity. Figure 24 shows the viscosity as a function of tempera-
ture for pure glycerol obtained from a handbook (Ref. 8) and of a 20g
NaI/100 ml glycerol solution. The data for the 20g NaI/100 ml glycerol
solution were obtained experimentally using a temperature controlled
viscometer.
Several batches of NaI/glycerol were mixed for use as propellant for
emitter operational tests and are listed in Table 2. Four were mixed
using the same proportions and resulted in a slightly different con-
ductivities. The last batch was made using a larger amount of NaI
z
f	 ' .
and had the highest conductivity. The hatter solution was used in an
attempt to increase the generated mean specific charge by increasing
the solution charge concentration. The results indicate better opera
 4
tion, but because of insufficient data this conclusion is only qualitative.
A chamber was designed and constructed for use in measurements of the
conductivity of propellant fluids as a function of temperature. The
chamber has connections for the insertion of thermocouples and vacuum/
as ports. A conductivity cell is mounted through the top of the chamber
and is externally connected to a Beckman Instrument RA-5 conductivity
meter. The instrument is calibrated to read the conductivity directly
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rTABLE 2
PROPELLANT FL11Tn TTWMTTFTC'.ATT0M
Batch No. Dopant/Fluid
Conductivity
10-4Q-1cm-1
F01 20 gms NaI/100 ml glycerol 2.13
F02 20 gms NaI/100 ml glycerol 2.7
F03 20 gms NaI/100 ml glycerol ---
F04 20 gms NaI/100 ml glycerol 2
F05 30 gms NaI/100 ml glycerol 3
in micro-mhos/cm. The entire chamber may be kept at a constant
temperature (or varied) by heater wire brazed to the chamber body.
A solution of 20 gm NaI/100 ml glycerol was mixed, filtered and out-
gassed. The conductivity versus temperature of the fluid was measured
using the chamber described above. The maximum temperature was limited
to 320C because full scale conductivity was obtained at this temperature
using the available conductivity cell. The results of these measurements
are presented in Figure 25. Note the abrupt change in slope which occurs
near the quoted melting point of glycerol (17.90C).
3.2	 FLOWRATE CONTROL TEST WITH AN ANNULUS
a
6
An annulus thruster was successfully operated with a-mass flowmeter and
a controlled flow restrictor (emitter A03, Run 7001-01). The fldwmeter
and controller were developed on an EOS funded program, and were de-
scribed in Subsection 2.2.2.5.
The flowmeter and controller were operated in a'closed -loop
 condition.
'A	To determine if the feedback loop was operating properly, the following	 r
check was performed	 (a) a signal was dialed into the restrictor cir-
cuitry to maintain'a constant flowrate at some temperature; (b) the
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flowrate was abruptly changed by increasing the feed system pressure;
and (c) the controller responded by decreasing the restrictor heater
power and the flowrate to its preset level.
Most tests consisted of dialing in a sequence of mass rates, noting the
response of the annulus current, and determing the mass flowrate versus
current characteristics at several voltages. The annulus current re-
sponded instantaneously to variations in restrictor power input, and
stabilization was achieved in a matter of minutes.
The results of these tests are plotted in Figure 26 where the annulus
current is shown as a function of the calibrated mass"flowmeter readings
at two different emitter voltages. For this test the mass flowmeter was
calibrated so that 1 NA reading of the mass flowmeter is equivalent to
1 pg/sec. The crosses denote experimental data points and the solid
lines were fitted to the data using the analytical techniques described
in Section 4. The analytical extrapolation shows the flowmeter zero
had shifted. The flowmeter was adjusted to read zero before filling
the metering lines, but it was not adjusted with propellant fluid in
the metering lines. This was probably the reason for the zero shift
indicated in Figure 26.
The experimental arrangement precluded the taking of TOF data for
direct mass flowrate comparison. An effect was observed during this
a
test which requires further investigation. Emitter response to vari-
i	 ations in the flow controller temperatures shows some pressure depen-
dence. At low feed system pressures, response is extremely slow. The 	 -
pressure ranges where response is slow or instantaneous have not been
sufficiently identified to make predictions. This ;pressure dependence
:k
	
	
on response may be inherently connected to the total impedance of the
thruster system.
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Figure 26. Annulus Emitter Current versus Mass Flowmeter Reading
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SECTION 4
ANALYTICAL STUDIES
Analytical models which mathematically describe the operation of a
colloid emitter have been the goal of many past studies. Some of these
studies started from the properties of propellant liquids and traced
the dynamics of the liquid interface when an intense electric field is,
applied (Refs. 9, 10, and 11). The equations resulting from the studies
were then compared with experimental results to verify applicability
with some success achieved. Parametric plots have been used to dis-
play performance data (Ref. 12) as an aid to understanding operation.
r	 No extensive change in understanding has resulted from either of these
	
approaches	 Difficulties stem from a lack of the precise data required
to determine the dominant charge' particle generating process when com-
peting processes are involved, and from the lack of data over a wide
range of control variables,
u
a,
Emitter tests made at the beginning of the present program revealed
an unexplored region of emitter operation at low mass flowrates in
which the beam current and the thrust are linear with the mass flowrate.
Exploration of this region was considered -the key to understanding
colloid operation and;.4	
	
provides the basis for an analytical model.
Operation in this emission limited current region was attained by re-
stricting the mass flowrate to levels below that ordinarily obtained s
,i
by capillary force flow.` The results 'obtained from a systematic_ ex-
ploration of thisand other mass flowrate regions were compared with
a parallel analytical study.
The understanding derived from the analytical results provides the
basis for the systematic study of colloid emission which is required
for the design and fabrication of a thruster system having predictable
514040-Interim 
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Voperational parameters. 	 In addition the . wide operating range
previously envisioned for colloid thrusters (Ref. 13 ) may now be at-
tainable using the analytical and experimental techniques developed
on this program.
YY
In this section, the derivation of the analytical equations are de-
z
scribed with the emission limited low mass flowrate data as one limit a
and space charge limited formulas as the other limit.	 A mathematical
function is formulated to bridge the gap between these two extreme
r
conditions.
	 The equations are then compared with the data and some
further implications are discussed. 	 Parametric plots are shown to
illustrate the newly derived performance indices and to show the
functional dependence upon the control variables.
	
Finally an emitter
having specified performance indices is described which would-be
capable of satisfying, the performance goals of the follow-on program.
Performance plots characterizing this thruster are shown which illus-
trate the wide operational range that could be -achieved -together with
the
	
tradeoffs	 required, to span this range.
4.1	 BACKGROUND DATA .
Experimental data at low mass flowrates indicate 	 that the performance
of a colloid emitter is significantly different from that at high mass
y ; flowrates where most past data were obtained. This performance is
characterized by a linear dependence of the emitter current with the y
mass flowrate at constant voltage.
	
In this low mass flowrate region,
a other performance characteristics of significance included low beam
divergence and little or no glow observed in the emitter region
Operation in the linear region resulted in good<performance character-
y ''	
•s
istics and is the region in which `a thruster can be operated' using a
y
simple feedback control system.
^"F
i
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Operation in the linear region is illustrated in the data shown in
	
^	 a
1 Figures 27 and 28 which were obtained from Runs 6909-01 and 6909-02.
The current (I) versus mass flowrate (m) curves imply that
e
I	 =	 b (V)m ,	 (15)
,
where b is a function of the voltage (V).
	
Figure 28 also shows the
linearity of the thrust (T) with m and a nearly constant specific im-
A pulse (I
	
) over the measured range.	 A constant, independent of V, issp
r
determined from a plot of the thrust versus I for data from run 6909-02.
4
This plot shown in Figure 29 for a wide range of voltages illustr4-es
the linearity.	 Thus we can characterize the current per unit thrust by
j; k,	 (16)
T r
•
-1 where k is a constant in the linear region, but can change above this
`	 tt region.	 A mathematical form for k is obtained from the equations gov-
erning`a colloid thruster which emits particles with a distribution of
specific charge (q/m).
	
The analysis is aimed at determining a set of
analytical equations which show the dependence of thruster performance
upon independent variables.
	 The independent variables are m, V, and 4`
:F
emitter temperature and are termed control variables. ° Thruster per-
formance is measuredin terms of operational parameters which are emitter
current, thrust, specific impulse, specific charge, and specific charge
efficiency.
u
;;
4.2	 THRUSTER EQUATIONS
r
From the analysis of a colloid thruster the mean specific charge
(q/m) is defined as
( g )	 _	 ( 0)	 =	 I	 (17)m	 m ;.
Y
,
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Note that	 (
m
') acid	 (C	 has the same form as b (V) in Eq.	 17. The
f
f
thrust is given by
^j
3 T	 m ( v ), (l$)
-
where ( v ) is the mean velocity in the emitted particle beam. From
-	
this velocity isenergy considerations (qh	 1/2 mv)
x
)C
1/2 (2V) 1/2 (19)
where { C 1/2	 ) is the mean root specific charge.	 The specific charge
distribution efficiency O is given by
{	 ,} 1 /2
	
2
n
C ( C )	 >
(20)
•. ^, i
where
	
( C1/2	
^2 is the square mein root specific charge which character-
{ izes the particle beam.	 Using Eqs.	 17 through 20, Eq.
	
16 can be ex-
m^ pressed as
i
T	 (C	 )1/2_	
_	
k
T
(21)
(201/2 V1/2
where the term k can be defined as
k
k	 =	 0	 1 12 f (X ) (22)
(2^)
where k1	 is a constant with dimensions of (A sec/k'gV) 1/2
 that char-
; acterizes both the propellant properties and the emitter geometry and
gfi
f (X;) is Va function of	 (C	 ) and V.	 In the linear region
	 (C	 ) is
proporti6nal to V so that f (X) is "unity. 	 Taus- from Eqs . 21° and ' 22 we;'
{ can write,
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C)	 =	 ko 	f (X)V, (23)
1
€
N'
and from Eq.	 17; r
I	 =	 ko f2 (X)Vm (24)
s To determine the functional dependence of f(X) we consider the region r
at very large m or large I where the current is space charge limited.
This region is characterized by the Child-Langmuir equation for the
current density (j) given by
3/2
PV (25)
where p is the space charge per,veance. 	 Since the emission area (a)
7 is not well defined and the specific charge _varies we define a new term
(P) called the specific perveance by
paP (26)
t X1/2C 4
.,
3	 1/2
where P has the dimensions of (A'kg/sec V ) 	 Thus Eq. 25 can be-
written ast
/ 2
	/2
tIs _	
( C ^ l PV3 (27)
where I, s is the space charge limited current given by ja.	 The current
shown in more general for 	 in Eq. 24 should reduce to
y.
y 2
I	 kV m (28)0
in the linear region and to Eq. 27 in the space charge limited region.
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fThe following function was found to smoothly bridge the gap between 	
a
the two limiting cases and reduces to Eqs. 27 and 28 at the limits:
f (X)	 X-1 ( 1 -e-x )	 (29)
if
k m
X =	 o	 (30)
P V
where kp and P were defined previously (Eq. 22 and 26) and are of im- C
portance as thruster performance_ indices. The current and other opera
tional parameters such as ( C ), thrust and specific impulse can be 	 r.
determined analytically using these two indices and the control vari-
ables m and V in the expressions for f(X) and X. The regions described
as linear and space charge limited are not sharply defined by f(X) and
X but are so delineated as to convert Eq. 24 to the limiting cases given
by Eqs. 27 and 28.
Past studies at our laboratory and 'elsewhere (Ref. 12) show that the
specific charge decreases with increasing m, particularly in the high
m regions previously explored for capillary needles. From this con-
r^
sideration, the current in the space charge limited region as given in
Eq. 27, should slowly decrease with increasing m. Since most past data
a	 show very little change of I with m the data probably fell into the
transition region between the two limiting cases discussed above. Thus,
the current is known to be linearly increasing at low m, level off to
a maximum at intermediate m and fall slowly at high m. The function
f(X) shows this characteristic shape.
The operational parameter equations will be respecified in a form
+=	 incorporating Eqs. 29 and 30 so that m is implicit in the `functions
	 {
X and f(X). Equation 24 can be rewritten as	 U
4040-Interim	 ^9
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<.r 'n+^x^ -e'K ar°',7^  
	
-:^"_
I = ko X f2 (X) PV  , (24A)
where only the term X f2 (X) - g (X) is a function of m. At constant
V, I versus m can be parametrically displayed as g (X) versus X. ' The
rest of the operational parameters are given in a form where only the
dimensionless terms contain m:
112
T	 -	 (2^)	 X f(X) PV 	 (31) t
1/2 
ko 
f (X) V
I sp	 =	 (211)	 (32)
g
Ut
where g is the acceleration due to gravity on the earth. 	 Equations
f 232 24A, 31 and 32 are written in parametric form with k o , P, and
i constant so that X « m:
( C	 ) « f 2 (X )	 (33)
I oc g (x)	 =	 x f 2 (X)	 (34)
T « X f (x)	 (35)
I	 « f (x)	 (36):., s p
These relationships are displayed in Figure 30. 	 Note that	 (C
,F decreases with m (or X) and that I
	
decreases less rapidly.	 The cur-;-
sp i
._.ti rent increases, reaches.a maximum, then decreases, while the thrust
continuously increases.' 	 In the -linear region the I
	
changes by only
sp
10 percent and I and Tare nearly linear with m.'
To characterize the operation of, a thruster only one of these .opera-
tional parameters is required since the rest arerelated as 'shown in
Figure 30.	 The current curve was chosen to des"cribe the different-
r,
regions which are defined with respect to the current cu„r_"'ve as:
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1.0
•b
i
^f
^iqz
Linear	 (within 20 percent) 	 X < 0.2 f(X)	 I	 (37)'
` Transition	 0.2 < X < 2.3	 (38)
(39)Space charge limited	 X	 2.3 {.{X)	
X	 =	 km(within 10 percent)	 o
r
Position of Maximum 	 X	 =	 1.25	 (40)
4.3	 COMPARISON WITH EXPERIMENT
Data were taken which verify the features displayed in Figure 30. 	 The
general curve shapes are also confirmed by the data of other investi- 	 -J
; . f gators (Ref.	 12).	 Data were expressly taken to examine the transition
region where the current does not vary greatly with mass flow.
	
Figure
31 displays this region for three voltages. 	 The curves drawn through
the experimental data points were obtained from the analytical equations
(Eq. 24A) with the value of k 	 obtained from reduced TOF data using
Eqs. 21 and 22..	 P was determined- from the current maximum at one
voltage using X	 _	 1.25 from Eqs.	 16 and 26 to obtain
r
k	
m
P	
-	
(at the maximum)	 (41)1o25Vf
The efficiency (TT) was found to change very little for each of the data
4
4
points so that (2TT) 1/2 was considered' constant over a run and an average
value was used..	 Figures 32 and 33 show other operational parameter
data points and analytical curves for the same run. 	 The agreement be-
. tween the data points from several runs and the analytical curves was
_. sufficiently good to have confidence in the abiIit 7' to predict thruster
" operation.
`.
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lFigure 34 compares analytical curves with data for I, T and I sp versus
m for annulus A06 at two voltages. 	 This also illustrates the effect
of V and m upon the operational parameters and shows the relation be jY.
tween the different parametric curves.	 Note that the thrust curves are
_. more linear than the current curves, but that the current curves are a
more sensitive measure of the region of operation and therefore more
useful as a diagnostic tool. 	 The more linear variation of the thrust
is advantageous in ':;:uster operation which extends over more than one
E
region.
^
4.4	 PERFORMANCE INDICES
:i
.;	 t
To illustrate the effects of different performance indices, Figure 35
r; -shows I versus m in arbitrary units for a thruster operated with param-
eters (k
	 P, V).	 The maximum occurs at I 	 _	 1, m	 = 2, with the
2
linear region slope equal to k V.
	
If just kis doubled, the linear0
1 i slope increases by a factor of four and the maximum shifts to I
	
=	 2,
^I m	 _	 1.	 If the value of P is doubled, giving parameters	 (k , 2P, V)',o
the linear slope remains the same as the initial curve, but the maxi-
mum shifts to I
	 =	 2, m	 =	 4.	 For parameters (2k0 , 2P, V) the curve ^f
-- R shape does not change with m, but increases by a factor of four.
Finally, increasing V-by a factor of two increases the (k o , 2P, V)
curve by a factor of two. 	 Thus,	 the slope in the linear region can be
greatly affected by the value of k . 	 Any attempt to increase this
: o
slope and therefore the I-
	
could be made by increasing V and those
sp
properties of the thruster which cause k	 to increase.	 The m range
:. o
of the linear region is. determined by V and P, but V is limited by
, F experimental constraints to less than a factor of two variations (12
to 20 kV) to obtain sufficient thrust.
L	 4: (,
The tests and analysis provided information on the meaning and proper-
.	 r
} ties of the performance indices. 	 The specific perveance (P) appears
rc to be a purely geometric term which in conjunction with the voltage
determines the accelerating electric field.' 	 It'depends;upon'the	 r
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propellant meniscus shape and the emission area. For example, if an
annulus were not emitting from the entire perimeter the value of P
	 t`
would be decreased. This would not affect the value of k o which de-
pends upon the electric field for the generation of the charged
particles in addition to such propellant properties as viscosity, con-
ductivity, surface tension, and perhaps dielectric constant and charge
concentration.	 It was noted that tests involving the dependence of
the operational parameters upon the emitter temperature, but independent
of the mass flowrate	 show k	 P	 Pto be temperature dependent.	 Recent tests #o
on temperature effects have been made and are discussed in Section 5.
'. The indications are that the specific charge decreases as the tempera-
' ture at the emitter increases for constant rii and V.	 This change of
Fj approximately 10 percent for every 50  change is significant, but has
.	 f
not as yet been incorporated into the analytical equations. 	 It is
probable that the dependence is related to the electrohydrodynamics
=l
of the liquid interface determined by the propellant properties.	 Thus
k
	
is associated with charged particle generation and P with beam ac-
a
celeration properties.
-.
,, t
The importance of k 	 and P as performance indices is to characterize M
o
the operational parameter` range of a thruster. 	 Thus to ,compare various =	 ,
emitter-propellant combinations,
	
tests can be restricted to 'those re-
quired to determine performance indices'. 	 Additional data may be re-
quired to determine such operational features as emitter temperature
effects, general stability,	 lifetime, etc.	 The results of the analysis 7
to determine the performance indices from thruster tests are discussed
in Section 5.
a
4. 5 	 THEORETICAL THRUSTER DESIGN
z
-^ A thruster can be theoretically designed using this analysis to
} satisfy performance goals.	 An example is shown to display the use, of -
the analytical curves and the performance indices.	 The resulting
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performance curves are particularly useful in understanding the trade -
r
offs that can be made to obtain a different performance level from the
Y.
j
same thruster such as the increase in thrust that can be achieved by
sacrificing I s P ".
For operation. of a single emitter at 15 kV with a specific charge ef-
ficiency of	 72 percent, a set of performance indices are chosen
to be
k	 _	 0.95 (A sec/kgV) 1/2 	(42)
o
P	 =	 47.5 x 10 -13	 (Akg/sec V3)1/2	 (43)
This combination is near the state of the art for annulus thrusters
and will. be used for illustrative purposes.	 With the indices speci-
fied, the operational parameters as a function of mass flowrate at
constant voltage are shown in Figure 36.
	
Note, that at the 53 plb
level where X
	 =	 0.2	 (Eq . 14)	 the current is 165 uA and the mass_
flowrate is 15 Qg/sec.	 The tradeoffs between alternate operational c
i modes are also included in Figure 36 and are discussed to illustrate
the.versatility of operation possible with a given thruster. 	 For
'
example, to obtain four times the thrust (200 µ1b) at the same voltage,
y
the mass flow must increase to 93 ug/sec and the current to approxi-
,i
mately 410 'LA, with _a resulting specific impulse of.— 1000 seconds.'
4	 a This operating point is not in the near linear region, but in the con-
stantu  current region (where I is independent of m or where X ^> 1).
An increase in voltage would shift all the curves upward and extend
i the near linear region -out to higher mass flowrates.	 Thus, '250'µlb
could be achieved at a higher voltage with a mass flowrate below 100
^Z/sec._	 A thrust of 250 u,lb can be achieved at 900 sec by using two
or three annuli having performance indices of k o -. 0.7 and P
	 50
10 -13 ,x	 and operated at approximately 15 kV and 50 pg/sec..
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SECTION 5 ^>
4
ANNULAR THRUSTER TESTS
f
5.1	 TEST RUNS
A large amount of data were taken during the duration of the program
using annular emitters. 	 Each of the test runs_ (with comments) is listed
in Table 3.	 The emitter configurations were described in Table I 15
(Section 2) and the propellant properties were given in Table 2r ^
; 	 a
(Section 3).
5.2	 THRUSTER PERFORMANCE
r
a
The present state-of-the-art annular thruster performance is character-
ized by stable, repeatable operation with excellent thermal control and
good beam focusing- properties.
	
Thruster 'control variables such as V
{ m, and temperature, have been extended over a wide range without ` encoun-
tering glow discharge or unwanted extractor currents.
	 Recent tests have
_r shown that inner extractor currents can be maintained at less than 1
per-cent of the total annulus current using proper shielding techniques.
.ri
This subsection emphasizes those parameters such as thrust density and
specific impulse essential to an evaluation of thrusterP	 P	 performance.
The parametric data presented willbe primarily concerneld with data
v from the most recent tests involving annuli A06 and A09.:
	 Results of
tests with annulus A01 will also be displayed parametrically and ,dis-
cussed.	 Selection of A06 and A09 data for presentation is based -on --»the
improved thruster performance exhibited by these annuli and the improved
conditions under which the data were obtained. By "improved conditions"
is meant that the data were taken with a minimum of temperature scatter
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Run No. Emitter Propellant Comments
6908-01 A01 F01 Large inner extractor
currents observed (40 to
70% of total annulus
current).	 Teflon core
supporting inner extractor
coated with fluid.
6908-02 A01 F01 Teflon core replaced with
vacuum core.
	
Concentric
cylindrical outer extractor
investigated.
6908-03 A01 F01 Large increases in -current
observed when feed pressures
increased.	 Data showed
-first hint of linear re-
spone of current with mass`
flowrate.
6908-04 A01 F01 Outer extractor /annulus
spacing increased from
nominal 0.035 in. to 0.125
in.	 Evaluation of extractor
not complete due to early
termination of test caused
by inner extractor/annulus
short
6908-05 A01 F01, Determined that inner and
outer extractor circuitry
required limiting resistors
to prevent meters from
arcing out.
6908-06 A01 F01 Data taken at 12.5 and 13.5
kV showed good linearity of
annulus current, with increasing
mass flowrate.
6909-01 A01 F02 Performance mapping, 133 hr,`
run 105 hr at I	 > 1000 sec.
sp
f
r
}
c
t
1fi
j.
TABLE 3
COLLOID THRUSTER TEST RUNS E
Run No. Emitter Pro.pellant C.ommerits
6909-02 A01 F02 Performance mapping, part of
122-hr test.
6910-01 A02 F02 Performance mapping.
6901-02 A02 F02 A02 operated for 100 hours.
Emitter erosion was less than
that of Type 304 emitter.
6910-03 GSFC F02 Goddard thruster showed opera-
tion in linear and saturated
regions.
6911-01 A03 F03 Flow controller constructed
On IR&D program tested.	 Re-
sponse of annulus current to
heat in-put at the restrictor
very slow.	 Annulus tempera-
tures observed to increase
with inner extractor currents.
6912-01 A03 F03 Flow controller test with feed
lines heated by infrared lamp.,
Suspect cold feed lines in
previous test provided higher
impedance than restrictor.
6912-02 A05 F03 Inner and outer extractor
spacing increased from — 0.035
in.	 to 1/16 in.
	 A05 constructed
from same specifications as A01.
After assembly A05 had lower
impedance by factor of 6.
Runaway modes observed with
increasing annulus temperature.
6912-013 A05 F03 Flow restrictor used with A05.
Stable operation at higher volt-
age possible but runaway modes
, still present with Increasing
annulus temperature caused by
inner extractor currents.
f
r
Ir
fi
Fl-
sf
Run No. Emitter Propellant Comments
6912-04 A01 F04 Data acquisition system and
thyratron successfully operated
with an annulus.
7001-01 A03 F04 Mass flow meter and flow con-
troller operated successfully
with annulus.	 I versus
data agreed with theory.
7002-01 A06 F04 A06 operated with I sp between
525 to 770 seconds.
	 Design
shows promise for obtaining
higher specific impulses.
7002-02 A06 1x04 Continuation of 7002-01 with
more temperature control and
data taken as function of pres-
sure, voltage a ' nd temperature.
7002-03 A03 F03 Photomultiplier used to monitor
annulus glow.	 Sodium spectra
identified.
7003-01 A08 F04 20Cb3 S.S.	 shows more erosion
than Pt/Ir material.
7004-01 A06 F05 Test using 30 gms NaI/100 ml
glycerol propellant fluid.
Specific impulses lower than
expected.
7004-02 A06 F05 Inner extractor guard not ef-
fective in preventing inner-
extractor currents.
700 14-03 A06 F05 Test with hemispherical ex-
tractor..	 Glow related to
backstreaming electrons.
7004-04 A06 F05 Electron shield electrode
s, tops, glow.	 Shown to be ef.-,
fe,ctive in reducing inner and
outer extractor currents.
xi
t
a
TABLE 3
COLLOID THRUSTER TEST RUNS (contd)
Run No. Emitter Propellant Comments
7005-01 A06 F05 The 0.200 dia.	 spherical ex-
i=ractor replaced with 0.250 dia.
extractor.	 No glow observed at
17 kV operation.	 Inner ex-
tractor currents less than 1%
of total annulus current.
7005-02 A06 F05 The 0.313 dia.	 spherical ex-
tractor replaced 0.250 dia.
extractor.	 Inner extractors
again less than 1% of annulus
current.
	
Outer extractor cur-
rents observed, but reduced,
significantly by applying
positive voltage. 	 Electron
guard shield prevented back-
streaming electrons from trigger-
ing glow even when outer extractor
biased positively.
7006-01 A09- F05 New emitter design test A09 gave
higher specific impulses than
A06 under similar operating
conditions.	 Annulus current'
observed to be linear with mass
flowrate past 120 pg./ sec (215
4A)
7006-02 A06 F05 Test designed to determine
dependence of q/m on tempera-
ture at constant voltage and
mass flowrate.	 q/m found to
decrease with temperature.
d
t
9
4
>d
and little or no glow discharge and, therefore, small scatter in the
data. Parametric plots depicting the performance of the GSFC thruster
tested at EOS is also described in this section along with a discussion
of beam focusing effects and mass flowrate variations with feed pres-
sure, temperature, and voltage. Due to the importance of temperature
and its relation to thruster performance in terms of mass flow and
charged particle generation, parametric data showing the variation of
r s
r
f
q/m with temperature will be given later in this section. 	 All of the
s
emitters tested on this program are classified according to their
performance using the performance index system developed in the
analytical study.
5.2.1	 PARAMETRICS
u..
Annulus A06 was designed to provide a high impedance at the emitter
".. edge.	 As a result, operation was limited to the region where the cur-
`rent varies linearly with mass flowrate as defined in Section 4.
	
-Note
that the linear region was defined by limiting the analytical current
deviation from the initial straight line by 20 percent.
	 In this case-
=.. the current remains within 10 percent of an average straight line which
approximates the experimental error.
	 In this linear re 
	 p	 region the thrust
is within 5 percent of the average straight line shown in Figure 37 for
annulus A06.
	 The thrust is plotted versus mass flowrate at three dif-r	 a, 1
_
ferent voltages and at a constant temperature of -60
 C.	 The reduced	 .
data for this run (7004-04) showed that the specific impulse did not
	 4
t
.f vary significantlyat constant voltage over the measured range. 	 For
this reason the average specific impulse, noted foreach voltage, in
 Y creased approximately 27 sec/kV.
	 This variation is consistent with the
analytical expression for I sp , discussed in Section 4.
` A plot of thrust versus m (run No. 7005-02
	 at higher temperature is
shown,in Figure 38.
	 Although the same annulus (A06) was used for this
;. test, the mass flow region was extended somewhat beyond the linear-
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region due to increases in temperature. The decreasing specific impulse
with increasing m, also shown in Figure 38, conforms with the anal_tical
study. The specific impulse lies between 600 to 800 seconds at 16 kV
and 500 to 700 seconds at 14 kV for higher and lower temperatures,
respectively. It should be mentioned that in both Figures 37 and 38
the specific charge efficiency is greater than 70 percent and remains
nearly constant at a constant voltage.- In general, it is seen that the
specific charge efficiency increases with decreasing voltage.
i
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TABLE 4
RUN 7006-01 EXTRACTOR CURRENTS
:. V (kV)	 I	 ^^)	 Iix()	 Zox()	 Is^l-^)	 T°C)
` 13	 27	 0	 0	 1.3	 -20
13	 88	 0.1	 0.3	 3	 -20 i
0.2	 0.3	 5.5	 -213	 15 0	 i
13	 200	 0.3	 0.4	 7	
-20	 j<
13	 75	 0.1	 0.3	 3.5	 +12
'	 - 13	 150	 0.4	 0.3	 6	 +12
13	 210	 0.6	 0.5	 5.6	 +12 1
13	 250	 1.0	 0.6	 6.2	 +12	 P^
To increase the specific impulse, annulus emitter A09 was constructed 1
with 0.001 inch edges compared to 0.002 edges for annulus A06. 	 To
illustrate the effect of smaller rim size on specific impulse, thruster
performance data are plotted in Figure 40 for A06 and A09 operated under
similar conditions.
	 In the region between 6 and 40 ug/sec, the specific
impulse for A09 lies between 750 and 900 seconds while the specific
•°`-	 ,, impulse for A06 is in the 690- to 700-second region. 	 Because the data z
for A06 under these conditions did not extend beyond 40 pg/sec, a more
^•.^ complete comparison could not be made.y
t
Annulus A.Ol was designed to operate in the low mass flowrate region
and had a high-impedance shelf to restrict the mass flow.
	 Data taken
over a range of feed.rates and voltages are shown in Figure 41.	 TheF
figure is a log/log plot of specific impulse versus thrust,; showing
jd lines of constant m and beam power (JIV).
	
The data, taken over a
.- 	e °	 t
voltage range from 10 to 18 kV, show
	 a nearly constant specific im-
pulse over a range of thrust levals, then decrease
	
more rapidly at
the higher thrust. 	 These variations correspond to the linear region%
at low m and to the constant current region at high m, respectively.
With increasing voltage this 'type performance is maintained and shifted
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toward higher specific impulse and thrust.	 The variation with voltage
is clear, although the higher m regions were not examined thoroughly.
The 15 kV data iFidicates a thrust of nearly 200 w1b and I 	 of about
sp
900 seconds.	 This plot can be used for extrapolating beyond the measured
data to obtain a thruster capability at other ranges of operation.
5,2.1.1	 GSFC Thruster Test
In collaboration with A. Sherman and W. Burton of GSFC, a Goddard
thruster was tested at EOS using the 2-by-3-foot vacuum chamber colloid
test facility and was designated run 6910-03.
	
The thruster was operated
continuously for approximately 22 hours and was run overnight unattended.
The low annulus current observed in this test at EOS may be explained
partially by the smaller emission lengths of the GSFC annulus compared
to EOS thrusters and perhaps lower temperatures due to LN2 cooling in
the EOS chamber.	 In addition, it is -felt that the absence of an inner
extractor, and the larger gap spacing between the outer extractor and
annulus result	 in lower fields at the emitter tip at similar voltages. t
The comparison given in,Table 5 of the EOS and GSFC thruster and test t'
environments may help explain the major differences in operation:
TABLE 5
COMPARISON OF GSFC-EOS ANNULUS THRUSTERS AND TEST FACILITIES
Parameter GSFC EOS
Emission Length 0.24 in. 1.5 in.
Gap SpaQing 0.002 in. 0:0. 1	 in.
Inner Extractor No	 P Yes
Chamber Pressure 10-5 torr 10-6 Corr
LN2 Cooled Liner No Yes
k
Yf
}
t
Data obtained with the thruster indi-cated operation in the linear
region at 18 kV, and in the saturated region at 12 and 16 kV (see
Figure 42).	 These data also lend support to the analytical equation
of the current versus mass flow for a different design emitter.
Figure 43 shows a plot of specific impulse versus mass flow. 	 Note
that the specific impulse for the 18 kV data remains roughly constant
as predicted for operation in the linear region.	 Figure 44 shows a plot
of thrust versus mass flow.{
" .z 5.2.2	 BEAM FOCUSING EFFECTS
Colloid emitters sometimes produce highly divergent charged'particle;.
beam accompanied by poor performance such as low I 	 etc.	 Focusing'
.f sP
techniques were investigated for capillary needles by shaping or
;.	 { introducing new electrodes (Ref. 14). 	 Recent measurements of the beam
convergence for an annulus show a direct correlation between the region
of operation and beam shape.
	
A collection efficiency defined .as the
ratio of the TOF collector current to the emitter current was measured
for each data run.	 This efficiency is a measure of the percentage of
the beam confined to a half angle of 28.5 0
 (see Figure 2).
Figure 45 shows a plot of the collection efficiency versus m for the
GSFC emitter that clearly illustrates the results of most emitter tests.-
At a constant voltage the efficiency increases with m in the linear
F
region.	 For increasing m, it reaches a maximum then decreases.
	 The
curve shifts to higher values and the maximum to higher m as the voltage-
is increased.	 Note the poor characteristics at 12 kV where the maximumi
:,. is below the measured m range and the beam is highly divergent at the
higlest'flowrate.
	 Increasing convergence with increases in V and with
_ decreasing m have been observed in the past, but the existence of a
maxima and the decrease in convergence for values of m below the maxima
.. were not observed (or even(	 predicted) in the past.
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The effect of an inner extractor on collection efficiency was examined ^} a
at the conclusion of test run No. 6912-01,using annulus A02 with the
inner extractor tied to annulus potential to correlate EOS thruster
operation with the GSFC thruster.
	 The most striking effect of this jt
modification was the decrease in collection efficiency resulting from
higher beam spread which indicates that an inner extractor has the
effect of converging the beam which is important for maintaining thrust
a efficiency and is a desirable feature for vectoring purposes.
	 This de-
crease in collection efficiency is depicted in Figure 46.	 The data
shown for 9, 10, 11 and 12 kV were taken with the inner and outer ex-
tractors biased negatively.
	 The data taken at 14, 16 and 18 kV were
obtained with the inner extractor tied to the annulus potential.
	 Notice
that the efficiency collection is considerably less for the latter data
.	 z
even -hougt the operation was at higher voltages,
,
The cff._«.;. of temperature upon beam spread is shown in Figure 47.	 The
maximums, ii: the collection efficiency curves decreases with increasing
temperature and shifts toward higher mass flowrates.	 At constant mass
flowrates ,	 the collection efficiency is higher for the ' lower tempera-
:'.. ture data.	 This is not surprising since (9/m) increases with decreas-
ing temperature (see Subsection 5,2,4) and the higher (q/m) particles
,r
are better focused than the lower (q/m) particles which tend to be
r.a
distributed nearer beam extremities.
'.` 5.2.3	 MASS FLOW PARAMETRICS
Y
The effects of various parameters upon mass flowrate	 was measured in
f recent tests using emitter A06 which has the highest impedance to mass
flow at the annulus.	 The results show the mass flowrate to be depen-
x	 J;i dent on voltage, feed pressure and annulus temperature over the -mea-
,. sured ranges.	 An analytical expression in a general form is presented
which enables the mass flowrate to be computed as a function of V,
emitter temperature and feed pressure.
,
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The variation of m with the annulus temperature at constant annulus
voltage and four values of feed pressure is shown in Figure 48• 	 The
exponential character of the variation is directly attributed to the 	 I
variation of fluid viscosity with temperature.	 From the data, there-
fore, mass flowrate dependence on temperature has the form m « exp(bT)x
corresponding with the inverse of the viscosity variation with
F
k
temperature.
The variation of mass flowrate as a function of feed pressure for four
i
different temperatures and a constant voltage is seen to vary linearly
as expected (Figure 49).
	
Extrapolations of the straight lines inter-
sect at-approximately -50 torr for m	 =	 0 with the slopes determined
by the temperature.
	 Hence the mass flowrate variation with the pres-
sure can be expressed as m cc (P f + Po ) where Po is a constant.
In _run 7002-02,-sufficient voltage variation was achieved to obtain mass
flowrate as a function of voltage.	 Figure 50 shows a plot of mass flow-
rate as a function of voltage at constant feed pressure.
	 There was some
scatter in the data due primarily to temperature variation on the order
j - of a few degrees.
	 For the measured voltage range the m, variation was
4 approximately linear withvoltage or m « (V-V) where V
	
is a constant.0
{ As a result of this variation,	 the specific impulse remained nearly
constant when the source voltage was increased from 10 to 17 M 	 This a\°
i effect is a consequence of m increasing more rapidly than V.
	
From the
analytical expression for the specific impulse (Eq.,32) I sp « f(X)V, the
-value of f(X) decreases with X(cc m/V) by approximately the same factor
ti as V increases.
	
From a thruster performance standpoint, in this mode of ,.
operation the specific impulse cannot be significantly increased with
increasing voltage unless the mass flowrate is maintained constant
4::	 n This is an important consideration in the design of a thruster system
and provides a further need for a mass'flowmeter and controller.	 Not
_
all of the tests indicated this strong variation of m with V.
	
The
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iit
effect does depend upon the value of m and appears to be negligible {{!!
at high m.	 More data are required to determine a more quantitative
i^	
A
i!
dependence for different values of temperature and feed
	 pressure.
As a result of these tests, the variation of m with the parameters
discussed above can be expressed as
- m	 =	 a(V-Vo )	 (P f + Po ) exp (bTl )	 (42.) '
where a, b, Vo and Po are constants determined by the geometry of the
emitter and the properties ofthe propellant and V, P C and TI are
independent variables.
5.2.4
	 TEMPERATURE EFFECTS i
i
Temperature effects upon the charged particle generation process have
been difficult to discern for several reasons.
	 -Primarily,	 they have
been masked by the large variation of 'm with temperature due to the
propellant viscosity and the subsequent variation of specific charge 's
.i with m.	 Also complicating the situation has been the difficulty of '.
accurate temperature measurements.
	 This effect has been lessened	 i
using annuli since the temperature, measured at ' a point on an emitter ?
body, can be very close to the value at the emitter edge for an annulus
or slit while the temperature at the tip of a capillary needle is u",I
j -estimated to differ by 10 or 200  from the measured value due to a
large temperature gradient.	 Temperature control is also difficult in
the presence of backst-reaming electrons accompanied by large extrap.aor
,
currents' and glow discharges.
	 !,
Using an electron shield to minimize electron backstreaming, extractor
	 r-`
current and glow discharge, 	 tests were performed-at 15 kV wi h annulus
A06.	 The temperature was controlled using an infrared heat ' lamp,
i
which uniformly heated the entire thruster 'assembly 'located in a`
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cryogenic shroud inside the vacuum chamber. 	 Measurements consisted of
2
' a
maintaining a constant temperature and recording data for a wide range 1¢
` of m.	 The temperature was increased in approximately five-degree incre-
: ments and data again recorded at various flowrates. J.
Figure 51 shows a plot of q/m versus m for six different temperatures.
As expected, the q/m is seen to decrease with increasing m at each
temperature level. 	 The data are given in Figure 52 which shows a
' cross plot of the ,specific charge versus temperature at constant m.
F
r,! these data also conform to the typical decrease of (q /m) with m •
(shown in Figure 5 1), but with some scatter in the data.
	 What is most
,i interesting is the decrease in (q/m) with increasing temperature at 'a
" rate of over 1 percent/°C.
J The effect of the decreasing (q/m)'with increasing temperature at
1 constant m is seen in the plot of I versus m in Figure
	 53 and I
sp
versus m in Figure
	
54.	 The other curves are uniformly spaced between
the -4oC 'and 200  curves.
	
Note that at constant m, I and I
	
decreasesp
with increasing temperature consistent with the decrease in (q/m) with ^-
temperature.
	 These observations provide the impetus 
, for ;a renewed
consideration of fluid conductivity in the high, field spraying environ-
ment.
fi
-&nother factor involved in the electrostatic portion of the electro-
hydrodynamical process is dielectric constant.	 The dielectric constant ti'
for pure glycerol changes--by about 10 percent over the range of tempera- Y.
tures investigated.	 The dielectric-constant of glycerol' containing
conductive salts as a function of temperature is not known at present,
n but may be an important factor here.
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Another propellant property, the viscosity, undergoes a large change
in its physical behavior as a function of temperature as seen in I,
` Section 3.	 The viscosity of glycerol decreases by a factor of 10 over
the temperature range -4 0C to-20°C, the range of operation in this test.`f
In this range, an investigation of the hydrodynamics (viscosity effects) A
involved in the spraying	 rocess may shed some light on the mechanism
 P	 Y	 g
^t
of particle formation. {
rs
5.2.5	 SUMMARY OF THRUSTER PERFORMANCE
sr
During the course of this program, several annular emitters were tested .
-" and the data analyzed using the equations from the analytical study
r (Section 4).	 The experimental data from the different emitters were
reduced to plots of the performance parameters versus the mass flowrate
and the results of the test characterized by two performance indices,
k	 and P.	 These indices are dependent upon propellant properties and
! o
emitter geometry with k	 associated with charge particle generation and
0
P with particle acceleration.	 Table ' 6 lists various emitter tests, the
propellant mixture batch, and calculated performance indices.
	
In gen- '4
era_l., higher values of the performance index result in better perfor-
mance in terms of achieving high thrust and specific impulse.
	
In addi-
tion, a given emitter must be efficient and show stable and controlled
.	 I	 . operation.	 For example, A01	 in Run 6909-02 listed in the table, resulted
in very good performance indices, but wasunstable and could not be ade -
quately controlled.	 This was due to Tack of temperature control result= °.
ing in poor mass flow control,
The GSFC emitter had a very low value of ko as -a consequence of the
_ lack of an inner extractor. 	 A similar low value of k o was obtained by
ryryryryryy
4	 I
shorting the inner extractor of A03 to the emitter voltage as discussed
='. in Subsection 5,2,2,	 This emitter duplicated sonic of the other perform- r	 w
xi ance features	 of the GSFC emitter including the annulus glow patterns
described in Subsection 5.3. 	 Thus, the value of k° was in :part
rid
'•
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dependent upon the potential within the annular circle. A06 showed
extremely stable operation with good focusing properties which were w`{
t	 5 attributed to the flattened emitter edge. r
tk
The low values of P may have been due to the narrow gap geometry V.
causing_ irregular emission around the annular parameter.
	
The effect
of emitter temperature on ko seen in 7002-02 is consistent with the
high specific charge at lower temperature 	 considerations discussed in
Subsection 5.2.4-	 Emitter A09 was an improved design with the smaller
flat at the emitter edge in an effort to increase the value of ko.
	
Tests ff,
indicated some improvement, with no appreciable loss of focusing proper-
ties and stability. 	 The linear region was found to be extended well
beyond that of other emitters as reflected in the large value of P.r
Using Table 6 an entire run, as characterized by two performance indices,
'j
can be compared with the other runs in a quantitative way.	 This is also
a way of comparing propellants from tests with a single emitter. 	 The
,. complete performance characteristics of a thruster can also be obtained
vi using the analytical equation with performance indices obtained from a
limited region of operation.
	
Any of the values or `a range of control
variables determines the operational parazmeters, with the major uncer-
tainty being the variation of k
	 with emitter temperature.
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5.3
	 GLOW DISCHARGE EFFECTS
Prior to our investigations of glow discharge and extractor current,,, it
1
a was observed that inner extractor currents were correlated with increas-
ing temperature of an annulus (monitored near the tip region).
	 This had
the effect of increasing the mass flowrate, due to propellant properties,
occasionally initiating a runaway made of operation. 	 A possible explana-
tion is that the increase in m at high temperature is responsible for an
increase in local pressure near the emitter edges, which increased the
discharge causing an even greaier increase in temperature.
	 This runaway
condition is a self-feeding mechanism where electrons in the discharge`
heat the annulus.
	 Conditions are then established for perpetuating the
discharge.	 At all times the presence of a glow is accompanied by poor
performance, uncertainty in the data, and a condition that undoubtedly
causes deterioration of the emitter.
t A series of tests were performed to 'study glow discharge phenomenon and
the behavior and origin of annulus inner extracter currents. 	 The vacuum
chamber pressure for the tests described in this section (and in ,.general).
remained inthe 10 6	 torr range or below.	 Although the pressure does
affect the glow discharge, the local pressure ;(due to outgassing, evap-
oration, etc.) appears to be more daominant. 	 The glow discharge was also
investigated by examining its radiation characteristics using•a photo-
:: multiplier,';;ube and combination of filters. 	 The investigation of the ~'
behavior of inner extractor currents revealed. the significance of glow -}
=, discharge and its relation to thruster performance. 	 These latter tests
j showed how inner extractor currents and glow discharge are a related and r
.. interdependent phenomenon.
•? Glow discharge had been observed in our laboratory tests. and also at
GSFC.	 To simulate the geometrical conditons`of the GSFC emitter, an k'
•
r 	 A
e	 r
,
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fannulus was operated with the inner extractor connected to the emitter
4 .
potential.	 The change in the pattern of glow discharge was immediatelyrF .
apparent.	 Instead of being concentrated in the region between the inner
extractor and annulus, it now covered the entire inner extractor and
resembled the_GSFC emitter glow. 	 This indicates that the presence of a
negative inner extractor reduces the scope and intensity of the discharge,
but is not sufficient to eliminate the discharge entirely...
Y
5.3.1	 RADIATION CHARACTERISTICS OF GLOW DISCHARGE
y The light output in the glow discharge region of annulus A03 (Run 7002-
03) was examined using a photomultiplier tube (S=11 response) and a
combination of sharp cutoff glass filters to coverthe region from 4.00
to 650 mµ.	 The relative intensity of the radiation in several wave-
length regions isolated by a combination of filters was measured.	 Brief- r
ly, the relative intensity was obtained using the expression Aip
A% where Ai	 is the photomultiplier current due to light emission in the
P
cutoff band,	 is a normalized spectral response of the photomultiplier
{-: tube, and AA is the wavelength band determined by the difference between
midpoint values of adjacent transmission curves.
J:
i
A histogram plot of the` results in Figure 55 shows the relative intensity i
versus wavelength.	 As expected, a peak was observed which corresponds
to resonance radiation from atomic sodium (5890A).
	
Atomic sodium even'
s in minute quantities can be a major constituent that supports the U'
discharge.
5.3.2' GLOW DISCHARGE AND INNER EXTRACTOR CURRENTS
As a result of the _test to study, inner ext-ractor currents, it was deter-
mined that these currents were directly related to the glow discharge.
r
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Also, the glow discharge was observed to be related to the presence of
{
a
K ". backstreaming electrons which originate at collector and/or grid
• surfaces. j
t
The tests involved maintaining the inner extractor voltage constant while
the outer extractor voltage was varied. 	 The data from these tests are
plotted in Figure 56,with a glow discharge limiting line included to 1
indicate the point at which the inner extractor current begins to rise, r
and was observed to coincide with the onset of glow discharge.	 Informa-
tioYi contained in the plots worth emphasizing are the increase in the
initial slope of the inner extractor current with decreasing negative
potential,and the saturation value of the inner extractor current that
decreases with increasing negative voltage.
The value of the slope of the inner extractor current is directly related
to the illumanitive intensity in the glow discharge.
	 Further,, the
intensity of the discharge is believed to be strongly dependent on the
1 presence of electrons in the discharge region, becoming more intense as
f
the electron current density -i.ricreases.
	 It should be pointed out that
.i the, inner extractor current slope is greater when the voltage is smallest.
' It was observed that the glow discharge could -be controlled, i.e., made to
appear or disappear,as the outer extractor voltage was made more or less
` negative.	 At 13 kV annulus potential, the discharge appeared at -300V
r' on the outer extractor and was extinguished at -40OV. 	 With -400V on
the outer extractor, the annulus, potential was then increased in steps
of	 1	 kilovolt until the discharge reappeared.	 The data are given in
Table '7.
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Outer Extractor Voltage at Inner. Extractor Voltages
of -0.5,	 -2.5, and -4.5 kV.	 (Annulus A06, Run 7004- 03)
t
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TABLE 7	 ..
OBSERVATION OF GLOW DISCHARGE WITH INCREASING ANNULUS POTENTIAL
V (kV) I (4A) I	 (4A)ix I	 (4A)ox T (Co)A
Glow
Condition
14 43 0 12 +2 No ;Tow
15 54 0.2 17 +3.5 No c- low
16 110 6.0 35 +12 Glow appeared
V. 	 - 4.5 Kv, V	 = -400Vix	 ox
}
x•
44,
If ,
P
At 16 kV, the glow appeared and the temperature of the annulus increased
art rapidly.	 The annulus potential was maintained at 16 kV and the outer::	 r
{	 f extractor voltage was increased to-500V.	 The glow was observed to
disappear at this setting and the annulus current dropped from 110
	 to_µA
J 90	 A while the 'outer extractor current was dropping from 35 PA to 14 µA
This is a decrease of about 20 4A on 'both the annulus and outer extractor{
a
when there is no ,glow.
	 This could indicate that in the previous condi-
tion (at the same annulus potential), with glow present, 20 pA of electron
current was leaving the outer extractor arriving at the annulus.
	
However, }.
e it is suspected that electrons alone would not account for 20 wA at the
outer extractor.	 Rather, the initial secondary electrons ejected are
x
multipled through collisions withthe gas occupying the space between
the outer extractor and annulus.	 Thus, positive ions formed in collies
sions coLild contribute to the outer extractor current in additions to
y secondary electrons.	 When the annulus potential was increased to 17 kV
with -500V	 on the outer extractor the glow reappeared.
A summary of the important features which have evolved from the tests At
just described are:
a. 	 The glow discharge was determined .to be related to back-
streaming secondary' electrons from the vacuum chamber
environment.
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b.	 The temperature of the annulus, discharge glow, and inner 	 e
`.
iextractor currents are interrelated and interdependent.
C.	 There is compelling evidence that inner extractor Currents
are not due, at least initially, to spraying; from the annulus. 	 i
d.	 Glow discharge can be minimized by operating with more nega-
tive outer extractor voltages.
5.3.3	 TRAPPING ELECTRODE TESTS
Tests results of the inner extractor currents discussed above furnished
convincing evidence that the glow discharge was related to backstreaming
electrons.	 It was seen that the outer extractor bias was an important
feature of the glow discharge. 	 However, control was limited under this
experimental condition.	 As the annulus voltage was increased, the outer
j extractor required additional negative bias to extinguish the glow.	 It
was then felt that the additionof 'a negative electrode placed forward
of the outer extractor would sufficiently trap electrons repressing the
initiation mechanism of the glow discharge. 	 In addition,	 this would
remove the constraint of glow con;lition so the outer extractor. could
' be made controllable over 'a wide range of voltages without encounteri," "._	 f`	 `
a glow discharge condition.	 '-
Based on these predictions, an electron trappingelectrode was constructed
f and installed in the annulus assembly used in run 7004-03_.
	
The thruster
configuration shown in Figure
	
57 was left completely undisturbed, except
for cleaning operations, so data with the electron shield could be cor-
related with the data from the inner extractor current tests.
Remarkably improved operation with the electron shield was apparent when 	 x
no discharge glow was observed: under conditions where, glow was previously
obtained.	 No inner extractor currents were observed and the stability of,,
operation illustrated by the data in Table 	 g .	 Note that over the range
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_a,	 . 
T^"	 z'^'f'9
x
1ELECTRON SHIELD ELECTRODE
1.25 INCH DIA
OUTER EXTRACTOR
APPROX. 0.600 INCH DIA
0
s
6
- -- HEMISPHERICAL INNER
EXTRACTOR 0.200 INCH DIA
Figure 57. Cross Sectional View of Annulus (A06) Assembly
Showing Electron Shield Electrode
4040-Interim	 114
i
l
1TABLE 8	 F
^	 k
ANNULUS DATA WITH ELECTRON TRAP ELECTRODE MOUNTED (NO DISCHARGE GLOW)
	 I,,
	
1	
.
VA ( kV ) IA(µA.) IIX(µA) IOX(µA) I S (4A) TA (0C) PF (in• Hg)
17 15 0 0 1.7 -6 14
17 29 0 0 2.6 -6 12
17 40 0 0 3.1 -6 10
17 49 0 re,g . 3.4 -6 8
17 68 0 Neg. 3.8 -6 6
17 66 0 Neg. 4.1 -6 4
17 74 0 Neg. 4.6 -6 2
17 86 0.2 Neg. 6`.0 -5 0
15 12 0 0 1.2 -6 14
15 25 0 0 1.8 -6 _12
15 34 0 0 2.2 -6 10
15 42 0 0 2.6 -6 8
15 50 0 0 2.5 -6 6
15 58 0 0 2.9 -6 4
15 65 0 Neg. 3.6` -5.5 2
15 73 0 Neg. 3.6 -5 0
13 -,	 g 0 0 0.8 -5 14
13 21 0
0 1.4
-5 12
13 30 0
.
15 -5 10
13 37 0 0.4 1.5 -5.5 8
13 44 0 0 1.5 -5 6
13 49 0 0	 ` 15 -5 4
13 56 0 0 1.5 -5 2
13 61 0 0' 1.5 -5.5 0
V	 = -4.5 kV	 ^'	 = 400V
	 V	 = -500VIX	 OX	 s
c^
.4
f2Y
9
1
r
r
Y
^i
Y	
i
from 13 to 1.7 kV, no inner extractor currents were discernible.
	 In
addition, the temperature remained constant as the annulus current
r	 4	 ; varied between 8 and 86µA. It is of interest to mention that at one
point the 17 kV on the annulus, the outer extractor voltage was de-
.
creased to zero and no glow was observed. 	 In the previous run (No. 7004-
03) at 17 kV glow was observed even with --500V	 on the outer extractor..
This observation is further proof of the effectiveness of the electron i
` trapping electrode,
r
5.4 ADVANCED STATE-OF-THE ART THRUSTER
k
Based on the experimental and analytical investigations described in
this report, it is possible to theoretically design a thruster system
to predetermined specifications.	 There are still several _features of -
such a thruster system that are not within the state of the art, but
these are just beyond it and are considered reasonable extrapolations.
` Techn i ques for increasing the performance index, ka, are under exa.mina-
tion and the quantitative effects of_ temperature 'have not been deter-
mined.	 Further work on the former will be continued 	 and the latter
` should be understood by means of some welldefined experiments.
a
='.4	 Y	
.t
A comparison of annular emitter state ofthe art performance with thef
1	 '' continuation program (Phase II) goals is summarized in 'Table 9 •	 The
requirements of thrust density and source efficiency in the region of
I' 15 kilovolts can be met and surpassed using existing emitter/fluid
technology.
	 The need to achieve higher specific impulses is apparent
from an examination of the data in the table.
x• The thrust_ density requirement of 25 to 35 µlb/source defines a'thruster
x
-J module consisting of 8 to 10 annular emitters, ultimately capable of
producing a total thrust of 250 µlbs.	 The number of emitters required to
produce ,a 1/4 mhb thruster can be'reduced by operating at a ` higher thrust
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Thrust
Density
(wlb/Source)
Specific
Impulse_
(sec)
Source
Voltage
(kV)
Source
Efficiency
M
No. Emitters
per 1/4 mlb
Thrusters
Phase II Goals 25-35 > 1500 < 15 > 70 8-10
Run 7002-02 25-35 860-825 _14 > 80 8-10
60 700 14 > 80 5
86 600 14 > 80 3
Run 7004-04 25-35 749 1.7 72.7 8-10
66 749 17 72.7 4
25-35 695 15 75.5 8-10
54 695 15 75.5 5
25 . 35 639 13 77.9 8-10
45 639 13 77.9 _6
Run 7005-02 25-35 800-750 16 79.7 8-10
100 620 16 79.7 3
25-35 710-670 14 82.8 8-10
95 540 14 82.8 3
i
s
.-
Performance indices found to satisfy these conditions are
k
G 
= 0.815 (A sec/kgV)1/2
P = 87.2 x 10 1 3 (Akg/sec V3)1/2
s
_G
r
1	 f k1	 1' h 1	 b	 h h' h	 1	 h'	 dthis va _ue o	
c
 is on y s ig t+ y a ove t e i.g est va u  ac ieve on
'the program (see Table 6), while P is well within the present state of'
the art. With these specifications, the operational parameters are
	
P	 >	 P	 P
calculated and shown in Figure 58 as a function of the mass flowrate.
Note the similarity between this figure and Figure 36 which is for an
emitter having a higher kbut lower P. Both sets of performance indices0
will satisfy the goals given in Eq. 47, but a more extended linear region
is shown in Figure 58. Table 10shows the tradeoff in I	 for increasing
sp
thrust for such a single emitter. The beam input power (IV) is also
listed for one emitter and the thrust is given for 6 and 19 emitters.
The linear region extends up to about 100 µ1b but performance can
theoretically be extended to 300 µ1b and higher.
i
TABLE 10
}
ADVANCED ANNULUS THRUSTER
r
1 Emitter 6 Emitters 19 Emitters
T sp Power T T
(111b) _ (sec) (watts) (utlb) (LL lb)
10 1560 0.45 60 190
53 -1500 2.0 31.8 1000
100 1415 3.9 600 1900
170 1305 6.0 1020
k 	 = 0.815,	 P =87.2 x ,10-13
V=15 kV
t
1
x4
6
0
r:	 H 1600
n
1400
Z` 1200
1000
800
g	 :o a
600
400
' 204
0
300
V
200
100
0
Ra
. 	 1
SECTION 6
k
I 	 z'•
SUMMARY
i
A general review summarizing significant highlights and contributions
made to colloid technology during this program is given in this section.
j Achievements relating to experimental performance will be examined first,
followed by a discussion of complementary experimental/analytical inv6s
tigations.	 Those areas where problems were encountered will be discussed
in relationship to the continuation program.
6.1	 ACHIEVEMENTS
Prior to the initiation of this program, the concept of recording and
analyzing TOF data was considered, which would be capable of handling
large amount of experimental data.	 Automatic data gathering technique
were desirable for eliminating systematic human error and for providing {„
thruster performance feedback during, and not after, a test run.	 These-
F_ considerations led to the development and successful operation of the
r data acquisition system discussed in Section 2.
Interest in colloid propulsion at Electro-Optical Systems led to the
{ development of a thermo-differential mass flowmeter and flow controller"
` system_(with breadboard electronics)
	 on an internally funded develop- y
..x
ment program.
	 The system was successfully integrated and operated with
an annulus thruster.
	 An advantage of this device in a thruster system
is apparent` from the potential feedback and variable flowrate capabilities.
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Investigations into the origin of inner extractor currents led to un-
covering of the mechanism responsible for sustaining glow discharge.
Subsequent investigation produced data relating the dependence of inner
f
x; extractor currents on glow discharge.	 An electron trap shield proved
t to be effective in eliminating both and together with the Pt/Ir annulus
should greatly reduce erosion during long term tests.
The effectiveness of the inner. extractor in the annulus assembly was
demonstrated quite drastically in experiments comparing operation with
and without the extractor electrode. 	 Operation with the inner extractor
has the advantage of producing better beam focusing, increasing kand R
J
0
:.
4 reducing glow discharge.
a
Considerable emphasis was placed on isolating the effect of temperature
on emitter performance during this program.
	 As a result of these studies,
a better understanding of the importance of emitter temperature control
has emerged.	 Under the condition of constant mass flowrate, it was found
that the specific charge decreased with increasing temperature.
	 Related
to this observance is	 fact that the performance index, ko , decreases
with increasing temperature. 	 Unless a constant temperature is maintained
at a suitable operating level, instability may result manifested by vary-
ing flowrates and unwanted beam divergence. 	 In addition, the importance
of comparing data at constant temperatures is necessary to minimize
errors due to scatter in the data.
is
} The near-linear region of operation was demonstrated experimentally' ..
_ and described analytically.
	 Operating in this region will. greatly
simplify a thruster controlsystem since the emitter current can be
used in a feedback Loop for mass flowrate-and/or emitter voltage
} control.
.. y
,
,
.•nom,
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The analytical work discussed in Section 4.that predicts thruster
operation was beneficial for several reasons. 	 First, it provided
a confident method for extrapolating data. 	 Secondly, theoretical
-	
expressions developed yielded a set of performance indices by which.i
the performance of emitters can be classified using two indices, ko
and P.	 These parameters, as we have seen, provide a reasonable basis
for design of future annulus emitters. 	 Thirdly, the analytical study
{	 was fruitful in establishing guidelines for future experimental studies. [	 ,
A useful feature of the analytical work is that one can predict the !
thrust and specific impulse from V and m over a wide range of operation.
t
Two features not included in the past analytical study are the temper- F
E<	
ature effect upon ko , discussed above, and the operational level effect s
<t
upon beam configuration. 	 Beam focusing was 'examined in Subsection 5.2.2
and was shown to depend upon the control variable in a reproducible
manner.	 It is expected that both beam configuration and the temperature;f	
_
E	 effects will be integrated into the analytical expressions.
6.2	 PROBLEMS
t
Further development of a'colloid thruster system capable of producing
a 1/4 mlb thrust level will require a number of identical annuli emit-
ters to ensure good efficiency..
	 Therefore, emitter fabrication tech-
niques have to be controlled to ensure reproducibility of tip configura-
_,	 tio'ns and also propellant flow impedances.	 The problem arises ing:
achieving the above-mentioned specifications in 'view of the large
i
n.	 annular dimensions and the small gap dimensions involved.
l	 The performance goals for the Phase II program are all within the statex _t	 a
of the art except for the specific impulse of greater than 1500 seconds. f
{	 Although experimental channels directed toward increased specific impulse
are known, it is anticipated that a concentrated effort will be necessary
	 ^-
to achieve 1500 seconds.
r f
4040-Interim,,	 123r
GLOSSARY
-4
A
Symbols Definition
V Emitter Voltage
V Onset Voltage for Spraying0
V. Inner Extractor VoltageixAl
Vox Outer Extractor Voltage
V Electron Trap Electrode Voltage
s
Emitter Current
Inner Extractor Currentix
Outer Extractor Current
ox
I
s
Electron Trap Electrode Current
TOF Collector Current at t 	 00
TOF Collector Current
t
f
TOF Time at i	 0
L Distance Between Emitter and TOF Collector
A Area Under TOF Trace
t Time Coordinate of TOF centroid
c
T
A
Emitter Temperature
Mass Flowrate
Specific Impulsesp
T Thrust ji
q /m Specific Charge
(q/m) I/ih, Mean Specific Charge
2
(q /m1/2) Square Mean Root Specific Charge
2((q/m) 1/2 )	 (q/m), Specific Charge Efficiency
i0/I; Collection Efficiency
9 Acceleration due to Gravity
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SSSA	 tdGLO RY (con ) ,r
Symbols Definition
PF Feed System Pressure
P Pressure due to Capillary Forces0
• TOF Time-of-Flight
DAS Data Aquisition System
` IX Inner Extractor
OX Outer Extractor
LN2 Liquid Nitrogen
Conversion Fa ctors
Thrust 1 µlb	 =	 4.5 µN (newtons)
j
F
Mass Flowrate
_
1 x 10 9 lb/sec	 =	 0.454 4g/sec
1
i
.W
r
.. B
i
!
ry
t
yy
f
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